We have identified a clonal complex of Mycobacterium bovis present at high frequency in cattle in population samples from several sub-Saharan west-central African countries. This closely related group of bacteria is defined by a specific chromosomal deletion (RDAf1) and can be identified by the absence of spacer 30 in the standard spoligotype typing scheme. We have named this group of strains the African 1 (Af1) clonal complex and have defined the spoligotype signature of this clonal complex as being the same as the M. bovis BCG vaccine strain but with the deletion of spacer 30. Strains of the Af1 clonal complex were found at high frequency in population samples of M. bovis from cattle in Mali, Cameroon, Nigeria, and Chad, and using a combination of variable-number tandem repeat typing and spoligotyping, we show that the population of M. bovis in each of these countries is distinct, suggesting that the recent mixing of strains between countries is not common in this area of Africa. Strains with the Af1-specific deletion (RDAf1) were not identified in M. bovis isolates from Algeria, Burundi, Ethiopia, Madagascar, Mozambique, South Africa, Tanzania, and Uganda. Furthermore, the spoligotype signature of the Af1 clonal complex has not been identified in population samples of bovine tuberculosis from Europe, Iran, and South America. These observations suggest that the Af1 clonal complex is geographically localized, albeit to several African countries, and we suggest that the dominance of the clonal complex in this region is the result of an original introduction into cows naïve to bovine tuberculosis.
ered from other mammals, including humans (61) . Bovine TB is found in cattle throughout the world and has been reported on every continent where cattle are farmed (3) .
Bovine TB has been reduced or eliminated from domestic cattle in many developed countries by the application of a test-and-cull policy that removes infected cattle (3, 8, 16, 17, 61, 64, 65) . However, in Africa, although bovine TB is known to be common in both cattle and wildlife, control policies have not been enforced in many countries due to cost implications, lack of capacity, and infrastructure limitations (8, 16, 17, 57) . In 1998, Cosivi et al. reported of bovine TB, "Of all nations in Africa, only seven apply disease control measures as part of a test-and-slaughter policy and consider bovine TB a notifiable disease; the remaining 48 control the disease inadequately or not at all" (16) . In the intervening years, the situation is not thought to have improved (8) ; however, preliminary surveys of bovine TB have been carried out in some African countries (4, 7, 12, 37, 44, 49, 53, 54, 56) .
The most common epidemiological molecular-typing method applied to strains of M. bovis is spoligotyping. This method identifies polymorphism in the presence of spacer units in the directrepeat (DR) region in strains of the M. tuberculosis complex (36, 67) . The DR is composed of multiple, virtually identical 36-bp regions interspersed with unique DNA spacer sequences of similar size (direct variant repeat [DVR] units). Spacer sequences are unique to the DR region, and copies are not located elsewhere in the chromosome (68) . The DR region may contain over 60 DVR units; however, 43 of the spacer units were selected from the spacer sequences of the M. tuberculosis reference strain H37Rv and M. bovis BCG strain P3 and are used in the standard application of spoligotyping to strains of the M. tuberculosis complex (29, 36) . The DR region is polymorphic because of the loss (deletion) of single or multiple spacers, and each spoligotype pattern from strains of M. bovis is given an identifier (http://www.Mbovis.org).
Several studies of the DR regions in closely related strains of M. tuberculosis have concluded that the evolutionary trend for this region is primarily loss of single DVRs or multiple contiguous DVRs (22, 29, 68) ; duplication of DVR units or point mutations in spacer sequences were found to be rare. The loss of discrete units observed by Groenen et al. (29) led them to suggest that the mechanism for spacer loss was homologous recombination between repeat units. However, a study by Warren et al. (69) suggested that for strains of M. tuberculosis, insertion of IS6110 sequences into the DR region and recombination between adjacent IS6110 elements were more important mechanisms for the loss of spacer units.
The population structure of the M. tuberculosis group of organisms is apparently highly clonal, without any transfer and recombination of chromosomal sequences between strains (15, 30, 60, 61) . In a strictly clonal population, the loss by deletion of unique chromosomal DNA cannot be replaced by recombination from another strain, and the deleted region will act as a molecular marker for the strain and all its descendants. Deletions of specific chromosomal regions (regions of difference [RDs] or large sequence polymorphisms) have been very successful at identifying phylogenetic relationships in the M. tuberculosis complex (11, 25, 26, 35, 48, 50, 61, 62, 66) . However, because the loss of spoligotype spacer sequences is so frequent, identical spoligotype patterns can occur independently in unrelated lineages (homoplasy), and therefore, the deletion of spoligotype spacers may be an unreliable indicator of phylogenetic relationship (61, 69) .
In samples of M. bovis strains from Cameroon, Nigeria, Chad, and Mali, spoligotyping was used to show that many of the strains had similar spoligotype patterns that lacked spacer 30, and it has been suggested that strains from these four countries are phylogenetically related (12, 18, 49, 53) . We have extended the previous observations of spoligotype similarities between strains from these countries and confirmed the existence of a unique clonal complex of M. bovis, all descended from a single strain in which a specific deletion of chromosomal DNA occurred. We have named this clonal complex of M. bovis strains African 1 (Af1), and we show that this clonal complex is dominant in these four west-central African countries but rare in eastern and southern Africa. Extended genotyping, using variable-number tandem repeats (VNTR), of strains with the most common spoligotype patterns suggests that each of these four west-central African countries has a unique population structure. Evolutionary scenarios that may have led to the present day distribution of the Af1 clonal complex are discussed.
MATERIALS AND METHODS
Bacterial strains. All of the strains analyzed in the study were isolated from cattle, and further information is provided in the supplemental material. (12) , while 163 strains isolated at the same abattoir between April and August 2004 are described in this study for the first time. The 75 strains from Cameroonian cattle were collected in 1989 and 1990 and in 1995 and 1996 from cattle in different abattoirs and were published previously (52); a representative subset of 17 strains was used for molecular analyses in this study. The 20 strains from Mali were isolated in March and April 2007 from cattle at the Bamako abattoir and have been previously described (49) . All strains were characterized by spoligotyping, and the majority were subjected to VNTR typing, RD4 typing, and RDAf1 typing (see the supplemental material). Population samples of M. bovis from Madagascar (n ϭ 8), South Africa (n ϭ 11), Uganda (n ϭ 13), Burundi (n ϭ 10), Tanzania (n ϭ 14), Ethiopia (n ϭ 15), Mozambique (n ϭ 20), and Algeria (n ϭ 23) were also analyzed by spoligotyping and RDAf1 deletion typing (see the supplemental material). M. tuberculosis H37Rv and M. bovis AF2122/97 were included as reference strains in our experiments.
Spoligotyping and VNTR typing. Strains were spoligotyped according to the method of Kamerbeek et al. (36) with minor modifications (12) . VNTR typing targeted the six loci originally described by Frothingham and Meeker-O'Connell (24) according to the protocol described by Cadmus et al. (12) . The presence of a 24-bp deletion frequently observed in one of the tandem repeats of the ETR-D locus is indicated by an asterisk, e.g., 4* (three 77-bp repeats and one 53-bp repeat). The ETR-F locus contains two sorts of tandem repeats of different lengths (79 bp and 55 bp). We display the repeat number of the 79-bp repeats followed by the repeat number of the 55-bp repeats separated by a period. All strains were VNTR typed at VLA, Weybridge, United Kingdom.
Microarray analysis. For the microarray analysis, four isolates (no. 86, 111, 486, and 515) (see the supplemental material) were selected from the Chadian M. bovis collection, each representing a different spoligotype. The isolates lacked either spacer 30 (strains 111 and 486), spacers 20 to 22 (strain 515), or a combination of the two (strain 86). Approximately 1 to 4 g of whole genomic DNA for each isolate was extracted as described previously (11) . The array used in this study contained nonredundant protein-coding sequences from the two sequenced M. tuberculosis strains, H37Rv and CDC1551, and from the sequenced M. bovis strain, AF2122/97 (http://bugs.sghms.ac.uk). Random amplification, labeling of genomic DNA, and microarray hybridizations were performed as described previously (27) . GeneSpring 5.0 was used for the data analysis, and a cutoff for the normalized test/control ratio of Ͻ0.5 was used to create gene deletion lists. Deletions found in regions associated with repetitive elements and insertion sequences, which are known to be prone to deletion events, were disregarded in this study.
Deletion typing. The majority of the strains from Nigeria, Chad, Mali, and Cameroon identified as M. bovis by spoligotyping were additionally confirmed by the deletion of RD4 (11, 61) . The presence or absence of RDAf1 was assessed by multiplex PCR with a set of three primers (RDAf1 primer set A): two primers targeting the flanking regions of RDAf1 (Mb0586c FW, 5Ј-ACTGGACCGGC AACGACCTGG, and Mb0590c Rev, 5Ј-CGGGTGACCGTGAACTGCGAC) and one primer hybridizing with the internal region of RDAf1 (Mb058xc Int Rev, 5Ј-CGGATCGCGGTGATCGTCGA). A 350-bp (RDAf1 intact) or a 531-bp (RDAf1 deleted) PCR product was identified by agarose gel electrophoresis. The RDAf1 primers and control strain supernatants are available on request. PCR mixtures contained (per reaction) 1 l of supernatant of heat-killed mycobacterial cells, a final concentration of 1ϫ HotStartTaq Master Mix (Qiagen), 1 M of primer Mb0586c FW, 0.5 M (each) of primer Mb0590c Rev and Mb058xc Int Rev, and sterile distilled water to a final volume of 20 l. Thermal cycling was performed with an initial denaturation step of 15 min at 96°C and 30 cycles of 30 s at 96°C, 30 s at 65°C, and 1 min at 72°C, followed by a final elongation step of 10 min at 72°C. The PCR products were separated on a 1% agarose gel.
Nucleotide sequence accession numbers. The RDAf1 deletion junctions of a sample of 20 strains of the Af1 clonal complex from different countries were sequenced using the primers Mb0586c FW and Mb0590c Rev described for RDAf1 deletion typing. The designations of the strains analyzed and the corresponding GenBank accession numbers are as follows: 11b, EU887538; 17b, EU887539; 24b, EU887540; 53b, EU887541; 950 gg mam P, EU887542; 806 rein P, EU887543; 57 HPS pm P, EU887544; 526 gg prescap P, EU887545; 208 gg prescap G, EU887547; 18 HPS pm G, EU887548; 81, EU887549; 45, EU887550; 50, EU887551; 52b, EU887552; C1-128, EU887553; C7-3438, EU887554; B15/05, EU887555; 55, EU887556; 86, EU887557; and 54, EU887558 (see the supplemental material).
RESULTS
Strains with spacer 30 absent. It has been shown that many strains of M. bovis isolated from cattle in Mali, Chad, and Cameroon have a spoligotype pattern lacking spacer 30 (18, 49, 53) . In a small sample of 15 strains from the Ibadan slaughterhouse in southwestern Nigeria, the spoligotype patterns also lacked spacer 30 (12) . To supplement this observation, we spoligotyped another 163 strains from the same Nigerian source (Table 1) . Only strains isolated from cattle were used in this analysis and throughout the study. All spoligotype patterns of strains from these four countries showed the loss of spacer 30, except for 2 of the 65 strains from Chad (SB1102) and 7 of the 20 strains from Mali (spoligotype patterns SB0134 and SB0991). The three most common spoligotype patterns from each of the four countries, representing over 65% of the strains from each of these countries, are shown in Table 2 . In general, over 96% of the 338 strains sampled from these countries lacked spacer 30 in their spoligotype patterns (Table 1 ; see the supplemental material).
Identification of a specific deletion, RDAf1. The absence of specific spoligotype spacers can be characteristic of a clonal complex of M. bovis, a closely related group of strains all descended from a single common ancestor (61) . However, the loss of spoligotype spacers can occur independently in unrelated lineages (homoplasy) and may misidentify members of a clonal complex (61, 69) . Deletions of chromosomal DNA (RDs or large sequence polymorphisms) are less likely to generate homoplasies, provided that the deleted region is not flanked by repetitive sequences that generate identical deletions at high frequency (11) .
To identify a suitable phylogenetically informative deletion, chromosomal DNA from two strains from Chad lacking spacer 30 in their spoligotype patterns were applied to an M. tuberculosis-M.bovis composite amplicon array and subjected to microarray analysis. As expected, the results of this analysis were compatible with the deletion of RD4, -7, -8, -9, -10, -12, and -13 (11); however, a previously unreported deletion of approximately 5.3 kb was identified in both strains and named RDAf1. In contrast, a strain from Chad with spoligotype spacer 30 present (SB1102) was intact in this region by microarray analysis. Sequencing of the RDAf1 region showed that 5,322 bp was deleted compared with the chromosomal sequences of M. bovis BCG (10) and M. bovis AF2122 (28) . The RDAf1 deletion removed Mb0587c to Mb0589c and parts of Mb0586c and Mb0590c (corresponding to Rv0572c to Rv0574c and parts of Rv0571c and Rv0575c in M. tuberculosis H37Rv). The flanking regions of the deletion showed no similarity to insertion sequences or repetitive DNA and were not GC rich, suggesting that this region was not prone to generating homoplasies. We concluded that RDAf1 could be a suitable marker for a clonal complex of strains present at high frequency in Mali, Cameroon, Nigeria, and Chad. Distribution of RDAf1 in west-central African strains. To determine if the RDAf1 deletion could be used as a marker for an important clonal complex, we used PCR to survey the state of RDAf1 in all available strains from Chad and Mali and a representative sample of strains from Nigeria and Cameroon, a total of 239 strains (see the supplemental material). The PCR primers were located on either side of the RDAf1 region and were chosen to give easily visualized products of different sizes from strains with RDAf1 deleted and strains with RDAf1 intact.
From Nigeria, 148 strains, including the 15 strains published by Cadmus et al. in 2006 (12) , were tested, as well as a sample of 17 strains representing the population of M. bovis from Cameroon. All 165 strains from Nigeria and Cameroon had the Af1 region deleted. In the sample of 20 strains from Mali, 7 strains were intact in the RDAf1 region, and these strains had spoligotype patterns SB0134 and SB0991; spacer 30 is present in both these spoligotype patterns. Among the 65 strains from Chad, 4 strains were intact in the RDAf1 region in contrast to the remaining 61 strains from that country; there were 2 strains with spacer 30 present (spoligotype pattern SB1102), but also 2 strains with both spacers 30 and 31 absent (spoligotype pattern SB1103) ( Table 1 ). In general, of 250 strains surveyed from these four west-central African countries, 239 had the RDAf1 region deleted, and all 239 strains lacked spacer 30 in their spoligotype patterns (see the supplemental material).
To confirm that the RDAf1 deletions were identical by descent, we sequenced across the RDAf1 deletion boundaries in a total of 20 strains originating from different countries and showing distinct spoligotype patterns of the Af1 complex (see the supplemental material). In all 20 strains, the deletion boundaries of RDAf1 were identical, suggesting that these deletions are identical by descent in strains from these four countries.
We concluded that a single clonal complex of M. bovis strains, defined by the deletion of RDAf1 and marked by the loss of spacer 30, was present at high frequency in Mali, Chad, Cameroon, and Nigeria. We named this M. bovis clonal complex the Af1 clonal complex.
Af1 in other African countries. Previously published population surveys of bovine TB strains from Burundi, Uganda, South Africa, and Madagascar showed that in general, spacer 30 was present in the spoligotype patterns of strains from these countries, suggesting that the Af1 clonal complex was not present at high frequency (44, 54, 56, 58) . To confirm this observation, a sample of strains chosen to represent the spoligotype diversity of the population in each country was surveyed by PCR for the status of the RDAf1 region. For representative strains from Burundi (n ϭ 10), Madagascar (n ϭ 8), South Africa (n ϭ 11), and Uganda (n ϭ 13), the RDAf1 region was intact. In all of these strains, spacer 30 was present (see the supplemental material). We also surveyed the status of the RDAf1 region in previously unpublished collections of strains from Algeria (n ϭ 23), Ethiopia (n ϭ 15), Mozambique (n ϭ 20), and Tanzania (n ϭ 14). In 61 of the 72 strains, spacer 30 was present in the spoligotype pattern, and in all of the strains surveyed, the RDAf1 region was intact (see the supplemental material). We concluded that the distribution and frequency of strains of the Af1 clonal complex were not uniform throughout Africa; Af1 strains were at high frequency in the four west-central African countries but were rare or absent in Algeria, Burundi, Ethiopia, Madagascar, Mozambique, South Africa, Tanzania, and Uganda (Fig. 1) .
Geographical localization of genotypes in each country. The population structures of the Af1 strains in Cameroon, Nigeria, and Chad are superficially similar; in each of these countries, over 90% of the strains included in this study are members of the Af1 clonal complex, and strains with spoligotype pattern SB0944 are most common in these three countries. However, strains from Mali show a distinct difference in population structure from those in the other three west-central African countries (Table 1) , although some caution is needed in this interpretation because of the small number of isolates. In Mali, the majority of Af1 strains lack spacer 6 in the spoligotype patterns in addition to the loss of spacer 30 (SB0300 and related patterns); strains of the Af1 clonal complex lacking spacer 6 are rare or absent in Chad, Nigeria, or Cameroon. Furthermore, in Mali, members of the Af1 clonal complex make up only 60% of the sampled population, and a second group of strains with RDAf1 intact and spacer 30 present but lacking spacers 4 and 5 are also common (spoligotype patterns SB0134 and SB0991; 40% of strains) (Table 2) (49). This contrasts with the three other west-central African countries, where strains of the Af1 clonal complex are apparently ubiquitous (Table 1 ). These observations suggest that the population of M. bovis in Mali is markedly different from those in the other three west-central African countries analyzed here.
To further extend this observation, we VNTR typed (ETR-A to -F) all available strains with spoligotype pattern SB0944 from Cameroon, Nigeria, and Chad to give a genotype for these strains consisting of a combination of a spoligotype pattern and a six-locus VNTR pattern. Table 3 shows the genotypes of strains with spoligotype pattern SB0944 from Cameroon, Chad, and Nigeria.
It is clear from Table 3 that the VNTR patterns of the strains with the most common spoligotype pattern in Nigeria and Chad (SB0944) differ significantly. Only 2 of the 16 genotypes found in Nigeria are also found in Chad. For Nigerian strains, allele 5 is common at the ETR-A locus (53 of 59 strains), whereas in Chad, only one of 19 strains had this allele. Furthermore, the most common genotype in Nigeria (SB0944; 5 5 3 4* 3 3.1), found in 22 of the 59 Nigerian strains, is rare in Chad. The small sample of strains from Cameroon with spoligotype pattern SB0944 also suggests that this population is unique compared to Nigeria and Chad. Four of the six strains genotyped from Cameroon have a 2.1 allele at the ETR-F locus, which is not found in the 78 strains with spoligotype pattern SB0944 from the other two countries from which we were able to generate a full genotype ( Table 3) .
The genotypes of strains with the second-most-common spo- a International name for the spoligotype pattern followed by a semicolon followed by the allele call for the ETR-A to -F loci. The two genotypes found in more than one country are marked by italics and boldface. ligotype pattern in Chad (SB1025) also suggest a difference in the population structure between Nigeria and Chad. Seven of 8 strains from Nigeria with spoligotype pattern SB1025 had allele 5 at both the ETR-A and ETR-B locus, whereas 8 of 10 strains from Chad had alleles 4 and 3 at the ETR-A and -B loci, respectively (see the supplemental material). These observations suggest that each of the strains sampled from Mali, Chad, and Nigeria has a country-specific population structure. That is, given a strain blind from one of these countries, it would be possible, with reasonable accuracy, to identify the country of origin from the genotype. The limited data from Cameroon also suggest a country-specific population.
DISCUSSION
We have identified an epidemiologically important clonal complex of M. bovis dominant in Mali, Cameroon, Nigeria, and Chad and have named this clonal complex Af1. The clonal complex is epidemiologically important because it is at high frequency in these four countries; we do not yet know how phylogenetically distinct the clonal complex is from other strains of M. bovis. Members of the clonal complex are defined by a 5.3-kb deletion of chromosomal DNA, which we have named RDAf1. Sequencing of the RDAf1 region in many strains has shown that the deletion boundaries are identical, and in the absence of repetitive elements flanking RDAf1 and the apparent strict clonality of M. bovis, we conclude that this deletion is identical by descent in strains from the four countries. That is, RDAf1 was deleted from the most recent common ancestor of the clonal complex, and this region is therefore deleted in all descendants. All strains identified as members of the Af1 clonal complex by deletion analysis have spoligotypes that can be derived from spoligotype SB0944 by loss of spacers. We therefore assume that the most recent common ancestor (progenitor) of the Af1 clonal complex had spoligotype pattern SB0944. A definition and summary of the Af1 clonal complex is shown in Table 4 .
Strains of the Af1 clonal complex can be identified by the loss of spacer 30 in the spoligotype pattern, although this characteristic is not necessarily specific. It is theoretically possible for strains with the RDAf1 deletion to have spacer 30 present, although we have not yet identified such an isolate. Furthermore, because the loss of spacers in spoligotype patterns can be homoplastic (61, 69) , strains that are not members of the Af1 clonal complex (with the RDAf1 region intact) can also lack spacer 30, for example, the strains with spoligotype pattern SB1103 from Chad.
We have surveyed for the presence of strains of the Af1 clonal complex in small samples of strains from other African countries and have shown that strains with RDAf1 deleted are not represented in our samples from Algeria, Burundi, Ethiopia, Madagascar, Mozambique, South Africa, Tanzania, and Uganda (Fig. 1) . Although the number of strains sampled in each of these countries was small, the high frequency of Af1 in the four west-central African countries supports our conclusion that the Af1 clonal complex is not uniformly distributed throughout Africa but is dominant in sub-Saharan west-central Africa. Previously published large-scale spoligotype population surveys of M. bovis strains from Europe (France, Spain, United Kingdom, Italy, Germany, Belgium, Czech Republic, and Portugal) (2, 5, 6, 19, 20, 31, 33, 39, 55, 59, 61, 70) , the Middle East (Iran) (63) , and South and Central America (14, 45, 71) do not show a high frequency of strains with spacer 30 missing, suggesting that if Af1 strains are present, they are not at the high frequency seen in west-central Africa and supporting our suggestion of geographical localization of the Af1 clonal complex to this region of Africa.
National localization of Af1 genotypes. The population structure of M. bovis in Mali is clearly different from the population structure in the three other west-central African countries (Table 1) . We extended this observation to show that the genotypes (spoligotype plus VNTR type) of the most common types found in Chad and Nigeria also differ in both frequency and type. However, it could be suggested that these samples are not representative of the population structure of M. bovis in Chad and Nigeria; that is, for the short period when the strains were collected, a subset of the total M. bovis population present in each country was sampled. However, the strains from Chad were collected over a 3-year period and the two sets of Nigerian strains, although collected at the same abattoir, were sampled over a year apart. In both these samples from Nigeria, allele 5 was common at the ETR-A locus, in contrast to strains from Chad. A second small group of five strains with spoligotype pattern SB0944, collected at an abattoir in southern Chad at least 400 km from the collection site of the original Chadian strains in NЈDjaména, and 3 years later, was also distinct from the Nigerian strains (unpublished data). Taken together, these data strongly suggest a distinct, country-specific population structure for M. bovis in each of these west-central African countries. This is notable, because it is known that there is extensive movement of cattle, both commercial and by transhumance, between Chad, Nigeria, and Cameroon; however, our results suggest there is not enough local transmission of extranational strains of M. bovis to obscure the countryspecific population structure. It is common for livestock sold from Chad to either Cameroon or Nigeria to be directed to large city abattoirs and not resold to mix with the local populations. In a similar way, large cattle populations are sold in a The spoligotype signature represents the assumed spoligotype pattern in the progenitor strain of the clonal complex and is shown as a series of ones and zeros, withMali for slaughtering in Abidjan (Ivory Coast) and do not mix with local cattle populations (46) . The observation of a country-specific population structure is somewhat surprising, as these west-central African countries have a century-old, longdistance transhumant livestock production system and trade routes of cattle between the Sahelian countries and the large coastal cities, which were considered important determinants of the regional spread of bovine TB (23, 38, 42) . More importantly, our results show that it would be worthwhile for each of these countries to establish simple genotype surveillance of M. bovis using spoligotyping and VNTR typing to monitor the import of extranational strains in a bovine TB control or eradication campaign.
Although our data do not address within-country geographic localization of M. bovis genotypes, as is commonly seen in Great Britain (61), we are aware that the previous population survey of M. bovis strains in Cameroon suggests a difference between the genotypes of strains isolated in the north and the south of the country (53) . The samples of strains from Nigeria, Chad, and Mali were collected from a single abattoir in each country. It is known that these abattoirs process animals originating on a national and even, occasionally, an international scale. However, the absence of cattle-tracing systems in westcentral Africa and the frequent trading of animals make the exact catchment area for each abattoir difficult to establish. These observations imply that it may be worthwhile to carry out more extensive studies of the geographical localization of M. bovis genotypes in each country, which, together with an in-depth knowledge of contemporary livestock trade and transhumance routes within Chad, Mali, and Nigeria, could lead to the development of useful epidemiological tools (genotype location maps) to identify key determinants of transmission and to aid in the control of bovine TB in these countries.
Evolution of the Af1 clonal complex. The simplest explanation for the observed distribution and population structure of the Af1 clonal complex throughout these sub-Saharan westcentral African countries is that a single strain or clonal complex of M. bovis spread between the four countries in cattle naïve to bovine TB. On the assumption that spacer sequences are lost and never regained, the progenitor strain would have had spacer 30 missing and would have carried the RDAf1 deletion, and this would account for the presence of strains descended from this progenitor Af1 strain in each of the countries (Table 4) . Country-specific population structures could have evolved by drift, either during the spread of the Af1 clonal complex between countries (a series of founder events) or subsequently, as the population expanded in each country. In Mali, for example, the founding Af1 clone has lost spacer 6, and this subclone has become dominant, while in each of the other three west-central African countries differences in VNTR profiles have evolved. All spoligotype patterns of the Af1 clonal complex in these four countries can be derived from the spoligotype pattern of the progenitor strain by loss of spoligotype spacers. In support of the suggestion of a single introduction of bovine TB and subsequent spread through a population of cattle naïve to bovine TB, it is interesting that Alhaji, writing in 1976, reported that bovine TB first appeared in West Africa in the Cameroons in 1913 and that much of the bovine TB identified in Nigerian abattoirs in the 1940s came from cattle imported from Cameroon (1) . If the Af1 clonal complex did originate in Cameroon, then we might expect that diversity would increase with distance as the clonal complex spread, and this may explain how the spoligotypes found in Mali, the most distant country from Cameroon surveyed here, are so different from the others.
The localization of the Af1 clonal complex to this region of west-central Africa may have been governed by geographical barriers. To the north of the Af1 range is the Sahara desert, and to the south are the forest areas in the Congo. These geographical features reduce both cattle density (Fig. 1B) and movement and therefore may have limited the spread of Af1 strains. There are no major geographical barriers between Chad, Mali, Cameroon, and Nigeria, and the cattle density throughout the region is fairly uniform (Fig. 1B) . The absence of Af1 in East Africa, particularly in Ethiopia, can be explained by poor trade links between west-central and East Africa or the prior establishment of an M. bovis population in East African countries that may have limited the introduction of the Af1 clonal complex. We assume that other countries in this region, especially Niger, will also be dominated by strains of the Af1 clonal complex and that these countries will have countryspecific population structures (Fig. 1) . It is noteworthy that a strain of M. bovis with spacer 30 missing in the spoligotype pattern has been isolated from a human with pulmonary TB in Ghana (43) .
It may seem unreasonable that a single strain with both a chromosomal deletion and the deletion of a spoligotype spacer spread between these countries. However, we can assume that the population of M. bovis that gave rise to the Af1 progenitor was very small (a founder population), and under those conditions in a clonal organism, the fixation of otherwise deleterious mutations may be quite common (61) . Whether the progenitor of the Af1 clonal complex evolved in Africa or evolved elsewhere and was subsequently imported to Africa is unknown, although this may be resolved when the phylogenetic relationship of the Af1 clonal complex to strains from other countries is determined.
Strains of the Af1 clonal complex have virtually reached fixation in Nigeria, Cameroon, and Chad, and the suggestion of a single strain spreading throughout the region and subsequently establishing country-specific populations is, to a certain extent, dependent on the absence of M. bovis strains in these three countries prior to the spread of Af1. However, if each country had a prior population of M. bovis that was replaced by the Af1 clone, then it is difficult to explain, without invoking selection, how strains of this clonal complex went to fixation by drift, independently, in three countries. If we assume west-central African cattle were infected with a prior population of M. bovis, then the Af1 clone could have arisen with a selective advantage and spread throughout the region, going to fixation in Nigeria, Cameroon, and Chad and replacing the previous population.
It would be tempting to suggest that the RDAf1 deletion generated a phenotype that was selectively advantageous. For some M. bovis deletions, a phenotype has been described; for example, deletion RD4 induces a truncated form of a phenolic glycolipid (41) (51) . The loss of the esxAB region in several independent deletion events is strong evidence for an unknown selective advantage for the deletion of this locus. However, before a selective advantage is assumed for any particular chromosomal deletion, it should be remembered that in a clonal organism, deletions that are not advantageous can easily go to fixation by hitchhiking with a selectively advantageous mutation (single nucleotide polymorphism or deletion) located elsewhere on the chromosome (61) . Homology searches in the databases at NCBI suggest that the five genes (Mb0586c to Mb0590c) affected by the RDAf1 deletion are conserved among several related Mycobacterium species, but none of the genes has yet been functionally characterized. However, Mb0589c (Rv0574c) shares homology with the genes for CapA from Bacillus anthracis and PgsAA from Bacillus subtilis; these proteins are proposed to be part of a complex for poly-gamma glutamate biosynthesis (13) .
In Mali, two major clonal complexes of M. bovis have been described (49) . Af1 strains make up 60% of the population, whereas a second clonal complex (spoligotype SB0134 and related patterns), marked by the loss of spacers 4 and 5 and the presence of spacer 30 in the spoligotype pattern, is also present at high frequency (49) . This second clonal complex of strains in Mali, provisionally named Af5, has been shown to have spoligotype similarities to strains from Europe (49) . Whether the Af1 clonal complex went to high frequency in Mali by drift or selection, the simplest explanation for the presence of the Af5 clonal complex is that it was introduced after Af1 had been established; however, we have no evidence to indicate the relative times of establishment of Af1 and Af5 or the phylogenetic relationship between them, except that strains of Af5 are not members of the Af1 clonal complex.
Global distribution of clonal complexes of M. bovis. The local dominance of specific clonal complexes of M. bovis, identified initially by spoligotype signatures, is becoming a feature of the global population structure of this economically important pathogen (33) . A clonal complex of limited diversity, provisionally called Eu1, dominates in the British Isles and their historic trading partners (61), and we also suspect that a second clonal complex of M. bovis (Af2) dominates in East African countries and a third (Af3) in Madagascar.
Identification of these clonal complexes will assist the epidemiological analysis of the international movement of M. bovis strains, not only in cattle, but also in humans (45) . A strain of M. bovis isolated in 2005 from a human at the Midlands Regional Centre for Mycobacteriology, Birmingham, United Kingdom, had the commonest genotype seen in our Nigerian sample (SB0944; 5 5 3 4* 3 3.1) (21). This genotype is quite distinct from the genotypes currently isolated from cattle and humans in the British Isles, and we have shown that the strain has the RDAf1 region deleted and is therefore a member of the Af1 clonal complex (unpublished data). It is interesting that this patient was born in west-central Africa. Furthermore, a strain of M. bovis with spoligotype pattern SB1025, the second-most-common spoligotype identified in our sample from Chad, was isolated from a mother and daughter of Chadian origin in France in 2003. These strains also had the RDAf1 region deleted (unpublished data), and the infection was presumably acquired in Africa. These cases illustrate how the identification and analysis of M. bovis clonal complexes and genotypes can be used to suggest possible sources of infection.
